Objectives: Lumbar flexion-relaxation (FR) is a well-known phenomenon that can reliably be seen in normal subjects but not in most chronic low back pain (CLBP) patients. The purpose of this study was to determine which surface electromyographic (SEMG) measures of FR best distinguish CLBP patients from pain-free control subjects. Standing SEMG and lumbar flexion range of motion (ROM) were also evaluated.
D ynamic surface electromyography (SEMG) of the lumbar musculature has been studied extensively in normal and chronic low back pain (CLBP) patients. A flexion-relaxation (FR) phenomenon, in which the lumbar muscles relax completely during maximum voluntary flexion (MVF), is seen in most normal pain-free individuals subjects, but is often absent in CLBP patients. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] FR deficits in low back pain patients have been found to be associated with pain, 2, 11, 12 self-reported disability, 1 and fear of pain and reinjury. 13 As a treatment outcome measure, positive treatment changes in FR patterns with CLBP patients have been shown to be a sign of clinical improvement in self-efficacy beliefs, fear-avoidance beliefs, 14 disability self-report, pain, and range of motion (ROM). 15 Because it is influenced by both psychological and physical factors, and it has been shown to be responsive to treatment, measures of FR are a potentially appealing objective measure of CLBP. 7 Despite the relatively large number of studies that have investigated FR, there is currently no agreement on the best SEMG methodology for assessing this phenomenon.
FR has traditionally been assessed by observing absolute SEMG values as subjects bend into MVF. 8, 10, 11, [16] [17] [18] [19] [20] [21] Unfortunately, there are problems with judging the absolute value of an SEMG signal. It is widely recognized that skin resistance between the sensor and the muscle, especially due to adipose tissue, can affect the SEMG reading. Increased adipose acts to buffer the signal, effectively making a muscle look more relaxed than it really is. To correct for the effects of adipose tissue, a SEMG value can be "normalized." The most common method for normalization involves having the subjects produce a maximal voluntary contraction, then judging the muscle activity during a target movement or posture as a percentage of the maximum. 14 In this way, a ratio can be produced (target SEMG reading divided by the maximal SEMG reading multiplied by 100 = a percentage). The use of a maximal voluntary contraction with CLBP patients can be problematic because of pain inhibition and/ or insincere effort. 3, 5 One way to address the problem of unreliable maximal contractions in pain patients is to use a standardized submaximal contraction in the same aforementioned mathematical formula.
When evaluating FR, a common method for normalizing the SEMG signal, presented in the recent scientific literature, is to compute an FR ratio. Various methods of calculating FR ratios are shown in Table 1 . The most popular ratio, utilized separately by Watson et al 5 and Paquet et al, 9 is to divide the maximal SEMG values during flexion by the SEMG values during MVF (FRR FLEX/ MVF). In this method, the flexion SEMG is essentially used as a submaximal contraction, although the mathematical formula used in this ratio does not produce a percentage as in traditional normalization methods. Normal pain-free individual subjects have been shown to have larger FRR FLEX/MVF scores (indicating larger differences between the flexion SEMG and the MVF SEMG) when compared with CLBP patients who tend to have smaller FRR FLEX/ MVF scores (indicating smaller differences between the flexion SEMG and MVF SEMG). 7, 14 Other methods of normalizing the SEMG signal in the evaluation of dynamic lumbar flexion have been proposed or reported sporadically. Haig et al 28 normalized MVF SEMG to SEMG during standing (FRR STAND/MVF). In separate studies, Ambroz et al 23 and Mathieu and Fortin 24 normalized MVF SEMG to SEMG during reextension (FRR EXT/MVF). Mathieu then determined the presence of FR when MVF SEMG was 10% or less than the SEMG during the reextension. Sihvonen et al 3, 12 utilized a ratio between the maximum SEMG during the flexion to the maximum SEMG during the reextension (FRR FLEX/EXT). Compared with pain-free control subjects CLBP patients were found to have a smaller difference in flexion and reextension SEMG. In addition to SEMG measures of FR, a number of studies have measured standing SEMG in a static posture. In pooling the results of previous studies together, a recent meta-analysis found a relatively large effect size (d = 1.14) in distinguishing between low back pain from controls, subjects during standing, 7 though some studies found no significant differences. 2, 5 Recently, Alschuler et al 22 examined the relationship of the aforementioned measures of FR (shown in Table 1),   which have been utilized by previous researchers with a  number of clinical variables, including self-reported pain  ratings, pain-related fear, perceived disability, and manual musculoskeletal tests, such as flexion ROM and supine straight leg raise. They found that the FR ratios that normalized MVF SEMG to either flexion or reextension SEMG were most associated with the clinical and musculoskeletal characteristics of CLBP. The ratio of MVF to reextension (FRR EXT/MVF) generally performed the best of all the SEMG measures of FR. It was most highly associated with ROM and was the only SEMG measure to be associated with clinical pain.
The primary purpose of the present study was to determine the most effective lumbar SEMG measure for distinguishing CLBP patients from pain-free control subjects. As with Alschuler's study, 22 we examined 4 FR ratios and absolute MVF SEMG levels. We also assessed standing SEMG. Because it has been observed that painful muscles often show poor recovery after a contraction, 26, 29 standing was measured both before and after recovery from bending. In addition, 3 different ROM measures (gross, pelvic, and true lumbar) measurements were evaluated. Definitions of SEMG and ROM measures are shown in Table 1 . Cutoff points for differentiating between patients and controls on the various measures were determined. Finally, because combinations of different measures have been recommended to help maximize sensitivity/specificity, 7 an analysis of the best combination of the SEMG and ROM measures was performed.
MATERIALS AND METHODS

Patients
A sample of 218 CLBP patients, with compensable occupational lumbar injuries under the Texas Worker's Compensation system, who were enrolled in an interdisciplinary functional restoration rehabilitation program, consented to participate in this study. All patients had demonstrated a minimum of 4 months of disability since their injuries. They were evaluated at the beginning of treatment with a standard SEMG and ROM assessment protocol. Basic demographic data are presented in Table 2 , along with pretreatment psychosocial testing of the CLBP patients. As can be seen, the patients demonstrated moderate to high levels of pain intensity, perceived disability, kinesiophobia, and depressive symptoms upon admission to functional restoration. High levels of psychosocial distress are common among chronically disabled worker's compensation patients, but typically improve significantly after interdisciplinary chronic pain treatment programs. [30] [31] [32] [33] In addition, a group of 30 asymptomatic controls subjects were recruited from among the treatment clinic staff and colleagues. All control subjects had no history of low back pain over the prior year, no prior low back disability, no previous low back surgery, and no evidence of a gross scoliosis curve that might alter myoelectric behaviors. They were measured with the identical SEMG and ROM methodology as the treatment patients.
Assessment Procedure
A standard methodology was used for electrode placement and SEMG and ROM measurements. 34 The skin was cleaned with alcohol, and silver-silver chloride electrodes from Noromed (1 cm in diameter and spaced 2 cm Flexion range of motion Gross ROM Degrees of trunk motion at maximum voluntary flexion, measured by inclinometer at T12. 27 
Pelvic ROM
Degrees of pelvic motion at maximum voluntary flexion, measured by inclinometer at S1. 27 
True ROM
Degrees of true lumbar motion at maximum voluntary flexion (gross ROM-pelvic ROM). 27 EXT indicates reextension; FLEX, flexion; MVF, maximum voluntary flexion; RMS, root mean square; ROM, range of motion; STAND, standing; SEMG, surface electromyography. apart) were placed vertically on the left and right erector spinae muscles at L3, approximately 2 cm from the midline. Patients and control subjects were given standardized instructions for data collection, which have been fully documented elsewhere. 6, 15, 25 Five SEMG measures were collected: a 10-second standing mean; the maximum SEMG during the flexion movement; approximately 2 seconds of mean SEMG during MVF; the maximum SEMG during reextension; and approximately 10 seconds of mean SEMG during standing, after recovery from reextension. A root mean square (RMS) rectified SEMG signal was monitored and displayed in real time to the experimenter, while being recorded by an SEMG biofeedback system (Procomp Plus, Thought Technology, Montreal, CN). A frequency response of 20 to 500 Hz, and an averaging factor of 0.5 seconds for signal smoothing, were used during recording. Microvolt levels from the left and right side electrodes were averaged to obtain a single mean SEMG microvolt number. During flexion trials, a physical therapist held inclinometers at the T12 spinous process and at the sacrum, and recorded degrees of flexion ROM using a standard 2-inclinometer technique. 35, 36 The motion recorded from T12, referred to as "gross motion," represents the total movement of the 6 lumbar spine segments, from T12 to S1, combined with movement of the hips. By subtracting hip movement (eg, "pelvic motion"), which is measured with the sacral inclinometer, "true lumbar motion," representing only the 6 lumbar spine segments, can be determined.
Statistical Methods
Eight separate SEMG measures were calculated for statistical analyses. In addition to the SEMG calculations, 3 flexion ROM measures were recorded, including gross motion, pelvic motion, and true lumbar motion. In all statistical analyses, gross and true lumbar ROM were corrected by 8 degrees per fusion level for those patients with lumbar fusions, as has been recommended previously. 6, 15, 25 The definitions and calculations for all measures are provided in Table 1 .
All SEMG and ROM measures were analyzed using a receiver operating characteristic (ROC) analysis. This method compares the values of 2 groups (patients and controls) on each measure, and constructs a graph of the measures' performance in classifying the groups for each possible cutoff point. The graph compares the true-positive classifications (patient identified as patient) to the falsepositive classifications (control identified as patient). For each cutoff point, sensitivity and specificity were calculated. Sensitivity is the proportion of patients identified as patients, whereas specificity is the proportion of controls identified as controls. 37 The cutoff point that maximized both sensitivity and specificity, that is, where sensitivity and specificity were nearly equal, was chosen as the best cutoff point for differentiating between patients and controls. In addition to sensitivity and specificity, the area under the curve (AUC) can be calculated. The AUC is an overall measure of discrimination; that is, it identifies how accurately the measure can correctly classify patients and controls. 37 Thus, the most useful measure can be identified by comparing the AUC: measures with higher AUC values are better at discriminating between groups. 37 The following guidelines are recommended for interpreting the discrimination performance of a measure from the AUC: excellent discrimination (AUC = 0.90 to 1.0); good discrimination (AUC = 0.80 to 0.90); fair discrimination (AUC = 0.70 to 0.80); poor discrimination (AUC = 0.60 to 0.70); and discrimination no better than chance (AUCr0.50). 38 A series of discriminant analyses were performed to identify how well the single measures and the various combinations of measures predicted patient versus control status. The group membership predicted by the discriminant analyses was compared with the actual group membership to determine how well each single measure and combination of measures correctly predicted patients and controls. Table 3 shows the ROC results of the SEMG and ROM measures, ranked in descending order of usefulness in differentiating patients and controls, as determined by the AUC. Of the FR ratios, the EXT/MVF (AUC = 0.90) and the FLEX/MVF (AUC = 0.89) had the best results, followed by the FLEX/EXT (AUC = 0.82) and the stand/ MVF (AUC = 0.80).
RESULTS
The mean SEMG measures were also compared. The MVF SEMG had good discrimination (AUC = 0.86) and was evaluated in 2 ways. First, a predetermined cutoff of 3.5 mV, which has been utilized in previous research 15, 25 to correctly classify 100% of control patients as controls, was used. This cutoff point correctly classified 72% of patients and 100% of control patients. Next, an optimum cutoff point was identified from the present ROC analysis. This cutoff point, MVF SEMG = 2.4 mV, correctly classified 79% of the patients and 83% of control patients. In addition, 2 standing EMG measures were compared: standing preflexion and standing postflexion (eg, recovery). Both of these measures had poor discrimination (AUC = 0.65 and 0.67, respectively).
Finally, measures of flexion ROM were compared. Gross ROM had the best discrimination (AUC = 0.93), followed by pelvic ROM (AUC = 0.88), and true lumbar ROM (AUC = 0.83). ROM cutoff points established in previous research, 6, 15, 25 and optimum cutoff points identified from the present ROC analysis, were evaluated. For true lumbar ROM, the previously used cutoff point of 50 degrees correctly identified 82% of patients and 60% of controls, whereas the optimum cutoff for true lumbar ROM (49 degrees) correctly classified 76% of the patients and 73% of control subjects. For pelvic ROM, the previously used cutoff point of 45 degrees correctly classified 77% of patients and 83% of control subjects, whereas the optimal cutoff point derived from the current analysis (49 degrees) correctly classified 82% of patients and 80% of control subjects. For gross ROM, the previously used cutoff point of 110 degrees correctly classified 95% of patients and 60% of control subjects, whereas the optimal cutoff point derived from the present analysis (97 degrees) correctly classified 88% of patients and 83% of control subjects. In general, all 3 measures of ROM performed well, and the cutoff points identified in the present analyses were not substantially different from those used in previous studies.
Discriminant analyses were used to examine the predictive utility of both the single SEMG, FR, and ROM measures and the combinations of these measures. The set of measures with the highest classification accuracy was the combination of pelvic ROM and the FRR FLEX/MVF, which correctly classified 83.5% of patients and 96.7% of control subjects, followed by the combination of gross ROM and the FRR FLEX/MVF, which correctly classified 81.1% of patients and 96.7% of control subjects. No combinations of 3 or 4 variables exceeded either of these 2 variable combinations in classification accuracy. However, it should be noted that this represents only a small improvement in classification accuracy over gross ROM alone, which correctly classified 76.6% of patients and 96.7% of controls in the discriminant analysis. Table 4 presents the means, SDs, and ranges for each SEMG and ROM measure, comparing the CLBP and painfree control groups. As can be seen, there were significant differences between the 2 groups on all variables.
DISCUSSION
A variety of SEMG measures have been used in previous studies to assess FR patterns in both pain-free individuals and CLBP patients. By using ROC and AUC analyses, the current study evaluated the ability of 6 different SEMG measures of FR to distinguish between CLBP and pain-free control subjects. In addition, standing SEMG (both before and after recovery from bending) and 3 flexion ROM measures (gross, pelvic, and true lumbar) were evaluated. The following guidelines were used to help interpret the results: AUC between 1.0 and 0.90 suggests excellent discrimination; AUC between 0.90 and 0.80 suggests good discrimination; AUC between 0.80 and 0.70 suggests fair discrimination; AUC between 0.70 and 0.60 suggests poor discrimination; and AUC at or <0.50 discriminates no better than chance. 38 As was previously found by Alschuler, 22 who compared the same SEMG measures of FR with clinical and musculoskeletal characteristics associated with CLBP, the present investigation also demonstrated that those FR ratios which normalized MVF SEMG to either flexion SEMG (FRR EXT/MVF; AUC = 0.90) or reextension (FRR FLEX/MVF; AUC = 0.89) performed the best. The other 2 FR ratios, FRR FLEX/EXT (AUC = 0.82) and FRR STAND/MVF (AUC = 0.80) were slightly less successful. Absolute SEMG levels during MVF, with a predetermined cutoff of 3.5 mV, which has been used in previous research by our group, 15, 25 was selected to correctly classify 100% of our control subjects, so that the chances of determining false positives (falsely determining that a CLBP patient had achieved FR) would be minimized. When evaluating absolute SEMG MVF levels with the ROC analysis, 2.4 mV was found to be the best cutoff with our patient pool, correctly classifying 79% of patients and 83% of control subjects. Absolute SEMG at MVF, using both cutoff scores, produced an AUC of 0.86. The 2 mean standing EMG measures (prebending and postbending measures) both performed poorly in discriminating between CLBP patients and control subjects (AUC = 0.65 and 0.67, respectively).
The present study also evaluated the ability of flexion ROM to distinguish between CLBP patients and control subjects. Interestingly, the most successful single measure that was evaluated in this study, including all SEMG measures, was gross trunk flexion ROM (AUC = 0.93). Because SEMG and ROM are frequently used together in FR assessments, and because combinations of different measures have been recommended to help maximize sensitivity/specificity, 7 we also investigated whether combining measures in the present study would increase classification accuracy using discriminant analysis. We identified 2 combinations of measures with more accurate classification than gross ROM alone for distinguishing between patients and pain-free controls. A combination of pelvic ROM and the FRR FLEX/MVF correctly classified 83.5% of patients and 96.7% of controls, and a combination of gross ROM and the FRR FLEX/MVF correctly classified 81.1% of patients and 96.7% of controls. However, this represents only a small improvement in classification accuracy over gross ROM alone, which correctly classified 76.6% of patients and 96.7% of controls in the discriminant analysis.
Although some of the SEMG measures of FR performed slightly better than others in the present study, they all performed acceptably. The AUC for the FR ratios ranged from 0.80 to 0.90, and the AUC for absolute SEMG at MVF was 0.86. As recommended by Tape, 38 when interpreting AUC results, all of these measures of FR can be considered "good" at discriminating between patients and control subjects. Thus, when determining the "best" SEMG measure of FR, one must consider several factors, including what question one hopes to answer and whether one is interested in evaluating group means or individual performance. As stated previously, assessing absolute SEMG values is problematic because of individual patient differences in skin resistance and adipose tissue that act to buffer the SEMG signal. For this reason, FR ratios have been preferred by most clinical researchers in the recent scientific literature. In a recent meta-analysis, FR ratios produced a large effect size (d = À 1.71) in distinguishing between CLBP patients and control subjects. 7 FR ratios have also been shown to improve within physical therapy 39, 40 and multidisciplinary chronic pain management treatment programs, 14 and positive treatment changes in FR ratios have been shown to be associated with clinical improvement in self-efficacy and fear-avoidance beliefs. 14 It should also be noted that, even though FR ratios can presumably correct for problems with adipose buffering, they also offer some clear disadvantages in evaluating individual performance and determining if a "normal" FR pattern has been achieved. Early FR researchers determined the successful achievement of FR by observing "electrical silence" of absolute SEMG levels during MVF. They were interested in whether the lumbar musculature relaxed or not. Alternatively, FR ratios evaluate dynamic aspects of the SEMG pattern during flexion and/or return to standing. FR ratios have generally not provided clinical guidelines for determining whether an individual patient seems to be "normal" or "abnormal," and FR ratios are not designed to determine that "yes" the patient has demonstrated FR, or "no" the patient has not demonstrated FR. In fact, no previous studies have evaluated individual performance with FR ratios. All have looked at group means. This potentially leaves the clinician lacking guidelines for evaluating an individual patient. Another point of interest is that, despite the problem of adipose buffering, our group has found the absolute mean RMS values during MVF, with the use of an empirically derived SEMG cutoff score (r3.5 mV), to be most useful in evaluating individual performance within a clinical setting and determining if and when an individual patient has successfully achieved FR. Using this FR assessment criteria, abnormal pretreatment FR patterns have been shown to be responsive to functional restoration treatment, so that most patients who are unable to achieve FR pretreatment demonstrate significant improvement in the ability to achieve FR posttreatment. 6, 15, 25 Posttreatment success with achieving FR after functional restoration has also been associated with better treatment outcomes, including increased flexion ROM, lower self-reported disability, and decreased visual analog scale pain levels, compared with those patients who failed to demonstrate FR posttreatment. 15 Absolute SEMG values are also the only practical alternative for clinical biofeedback training, in which patients receive real-time auditory or visual SEMG feedback about the state of contraction of a muscle. The addition of SEMG-assisted stretching biofeedback protocol to a standard functional restoration treatment program has been shown to improve success with achieving FR, so that most patients were comparable with a pain-free control group posttreatment. 25 In addition, our clinical observation is that, when MVF relaxation is restored, then other aspects of the dynamic flexion and reextension pattern (ie, FR ratios) are also normalized. In fact, a recent clinical study determined that positive treatment changes in the FLEX/MVF ratio after a physical therapy treatment program were due to reductions in the MVF SEMG. 39 There are a few potential limitations to this study. Most obvious is the difference in group size between the patients and controls. Although an a priori power analysis determined that the control group size was adequate to detect medium to large effect sizes, a larger control group would have provided additional power to the analysis. Furthermore, rates of total classification are disproportionately influenced by the larger group, which makes these rates difficult to interpret. Because our groups were of unequal size, we were unable to compare total classification accuracy for the entire sample between the different single measures and the combinations of measures. Two groups of equal size would provide a better estimate of total classification. In addition, the control group was significantly younger than the CLBP patient group.
In conclusion, this study determined that both SEMG measures of FR and flexion ROM measures performed acceptably in discriminating between CLBP patients and control subjects. In our clinical experience, we have found that an FR assessment of SEMG and flexion ROM can provide valuable clinical information about a patient's current functional status, level of movement inhibition, and fear-avoidance beliefs, and serve as an excellent treatment outcome measure. 6, 15, 25 It is our hope that the cutoff scores for the different SEMG measures of FR and for flexion ROM, determined by the ROC analysis in the present study, can help guide future clinical researchers in determining "normalness" of the FR pattern in individual clinical patients and normal individuals, and can help guide clinicians in the treatment and restoration of normal FR patterns and ROM in CLBP patients.
